THE HIERARCHICAL STRUCTURE OF NANOPOROUS CARBON
ELECTRODE MATERIALS ELUCIDATED BY WATER
SORPTION: A COMPARISON OF MULTIPLE
STRUCTURAL MODELS

JOSE ALI ESPITIA
Master’s Program in Physics

APPROVED:

Jose Leobardo Bañuelos, Ph.D., Chair

Ramon Ravelo, Ph.D.

Yirong Lin, Ph.D.

Charles Ambler, Ph.D.
Dean of the Graduate School

Copyright ©

by
Jose Ali Espitia
2018

THE HIERARCHICAL STRUCTURE OF NANOPOROUS CARBON
ELECTRODE MATERIALS ELUCIDATED BY WATER
SORPTION: A COMPARISON OF MULTIPLE
STRUCTURAL MODELS

by

JOSE ALI ESPITIA, B.S.

THESIS
Presented to the Faculty of the Graduate School of
The University of Texas at El Paso
in Partial Fulfillment
of the requirements
for the Degree of

MASTER OF SCIENCE

Department of Physics
THE UNIVERSITY OF TEXAS AT EL PASO
May 2018

Acknowledgements
The author would like to thank the Drexel Nanomaterials Group, headed by Prof. Yury Gogotsi,
for supplying the TiC-CDC materials used in this work. In particular we would like to thank
Prof. Volker Presser (now Group Leader of the Energy Materials Group at Saarland University
and Program Division Leader at the INM-Leibniz Institute for New Materials, in Saarbrücken,
Germany). This work was performed in support of the Fluid Interface Reactions, Structures and
Transport (FIRST) Center, an Energy Frontier Research Center funded by the U.S. Department
of Energy, Office of Science, Office of Basic Energy Sciences.

iv

Abstract
The total amount of energy that an electrical double layer capacitor (EDLC) can store depends
on the voltage and the accessible surface area for ion electrosorption. Nanoporous carbon
materials with a high specific surface area, such as carbide derived carbon (CDC), make ideal
electrodes for EDLC devices. CDC materials have fine-tuned pore sizes in the subnanometer
range which are controlled by the initial carbide (TiC) and annealing conditions. Water can enter
TiC-CDC pores and give filling fractions in excess of 0.6 g/g (H2O/C). Recent reports of water's
diffusional dynamics dependence on CDC pore size indicate confinement effects similar to that
observed in pores of 16 Å. Though other studies have gleaned insights into the porous structure
of CDC, there is currently no direct structural information on the sorption of water at
intermediate stages between completely empty and full. Small-angle neutron scattering (SANS)
was used to find to what degree pores are filled with water (D2O) at intermediate stages of
loading for four TiC-CDC powders, each with different pore size distributions. We present
models to reproduce the SANS data and extract information on the structure of CDC, consisting
of subnanometer pores as well as mesopores. The subnanometer pores exhibit a narrow size
distribution whereas the mesopores are polydisperse. In addition, the structure of the room
temperature ionic liquid (RTIL) [C4mim]+[Tf2N]- and water confined inside the micropores (< 2
nm) of carbide derived carbon (CDC) were investigated using small angle x-ray scattering
(SAXS). RTILs, composed entirely of ions, have high thermal and electrochemical stability
which make them interesting candidates as electrolytes in EDLCs. Water is usually removed
from working devices due to the breakdown of H2O at low voltages, but the interaction between
the two fluids in confinement is still not fully understood. SAXS/WAXS measurements were
carried out on dry CDC, samples which were partially (50%), completely (100%), and over-filled
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with RTIL (150%), as well as RTIL-filled samples exposed to100% water-saturated air. This
study provides information on the length scales of the CDC porosity, the extent to which RTIL
enters micropores, and how confinement affects the charge-ordered structure of the RTIL.
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1.0 Introduction

Carbide derived carbon (CDC) has garnered much attention as a supercapacitor electrode
material. A unique feature of CDC is its fine-tuned pore size in the subnanometer range, which
depends on the initial carbide (TiC) and annealing conditions. Low temperature annealing results
in the formation of small pores with a narrow size distribution, while higher temperatures result
in larger pore sizes. [1] Water can enter TiC-CDC pores and give filling fractions in excess of 0.6
g/g (H2O/C). Recent reports of water’s diffusional dynamics dependence on CDC pore size
indicate confinement effects similar to observed in pores of 16 Angstroms.[1,2] These results are
surprising because CDC is believed to primarily be composed of pores smaller than 1nm.
Though other studies have gleaned insights into the porous structure of CDC, there is currently
no direct structural information on the sorption of water at intermediate stages between
completely empty and full. Small-angle neutron scattering (SANS) was used to find to what
degree pores are filled with deuterated water (D2O) at intermediate stages of loading for four
TiC-CDC powders, each with different pore size distributions. Small and wide-angle X-ray
scattering (SAXS/WAXS) was used to study the degree to which pores may be filled with room
temperature ionic liquids (RTILs) and with water. RTILs, being composed entirely of ions, have
high thermal and electrochemical stability and good conductivity and are currently incorporated
in some supercapacitor designs. We present models being developed to interpret the
SANS/SAXS data and extract information on 1) the structure of CDC, consisting of
subnanometer and meso-pores, 2) the kinetics of water sorption in porous media 3) the
interaction between (RTILs) and (H2O). The behavior of water/RTIL mixtures in confinement,
and their role in supercapacitors is still not fully understood.
1

1.1 Supercapacitors

Supercapacitors, also known as ultracapacitors, supercaps, or electric double layer
capacitors (EDLC), are energy storage devices with high energy storage capacities at low
voltages which allow them to store 10 to 100 times more energy per unit volume or mass than
conventional capacitors. The Capacitance C is the ratio of stored charge to the applied voltage V:
C = Q/V. In conventional capacitors, C is proportional to the surface area A of each electrode
and inversely proportional to the distance D between electrodes. C = ɛ0ɛr(A/D). Here, ɛ0 is the
dielectric constant of free space and ɛr is the dielectric constant of the insulating material between
electrodes. The stored energy E is directly proportional to its capacitance: E = (1/2) CV2. The
application of a voltage transports charge from one electrode to the other and the electric field
through the dielectric material between the electrodes allow a capacitor to store energy.
Currently supercapacitors can be categorized into three general classes: electrochemical double
layer capacitors, pseudo capacitors, and hybrid capacitors. This work focuses on EDLCs which
store energy through a non-Faradaic mechanism, in which charges are distributed on surfaces
through physical electrosorption processes that do not involve the breaking of chemical bonds.
EDLCs store energy in the electrochemical double layer formed by ions at a high surface
area porous electrode surface. The ions in the electrolyte solution diffuse across the separator
into pores of the electrodes of opposing polarity, the choice of electrode composition prevents
chemical reactions with the ions, and the ions produce a double layer of charge at each electrode.
Thus, EDLCs achieve high energy densities by having a high surface area to allow larger charge
accumulation and by choosing electrolytes that are stable at high voltages. EDLCs are typically
made from two porous carbon-based electrodes, a separator and electrolyte. An electrolyte
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contains ions dissolved in a solvent. The polarized electrodes, i.e., the cathode and anode, allow
oppositely charged ions to accumulate at the electrode surface.
EDLCs have no permanent transfer of charge between electrolyte and electrode. Thus, in
this non-faradaic process, there are no chemical or composition changes. This allows the
charging/discharging to be highly reversible which enables high cycling stabilities. EDLC
performance can be tuned by changing the electrolyte between an aqueous or organic solvent.
Aqueous electrolytes generally have a lower minimum pore size requirement compared to
organic based electrolytes [7, 39-41]. However, aqueous electrolytes have a lower breakdown
voltage compared to organic solvents mixed with ionic liquids [73.74]. Thus, electrolytes are of
great importance in the design of supercapacitors.

Figure 1. Representation of an Electric Double Layer Capacitor.
EDLC subclasses are distinguished by the type of carbon used as an electrode material,
with specific surface area being the primary difference between carbons. Activated carbons are
most commonly used in the design of supercapacitors as the electrode material due to their low
cost and high surface area. They often have a complex porous structure composed of different
3

sized pores in the ranges of micro-pores (<20 Å), meso-pores (20-500 Å), and macro-pores
(>500 Å), which are responsible for their high surface area. Capacitance may be directly
proportional to surface area, but some data suggest that for activated carbons not all the high
surface area contributes to the capacitance of the device [7-9]. This phenomenon is due to the
electrolyte ions being too large to diffuse into small micro-pores thus preventing some pores
from contributing to charge storage [9-11]. Data also describe a relationship between the
distribution of pore size, power density of the device and the energy density. In this case, smaller
pores sizes correlate to higher energy densities and larger pores to higher power densities [4245]. Having control over the pore size distribution of activated carbon electrodes is important for
the design of EDLCs and determining the optimal pore size for a given ion size.
Carbide Derived Carbon (CDC) is a nanoporous carbon material derived from the
chlorination and high temperature annealing of carbide precursors which offers tunability in its
pore size properties. This nanoporous carbon outperforms its activated carbon counterparts in
organic electrolytes and ionic liquids [46].

With the appropriate selection and synthesis

conditions, the pore diameter may be selected to match the size of electro-adsorbed ions, and
exceptional capacitance may be obtained. Control over electrode pore size to match a given
electrolyte [14-16] results in a material with a high degree microporosity available for
electrosorption. This ability, combined with their thermal and electrochemical stability, makes
CDC a promising supercapacitor carbon alternative [17]

4

1.2 Water Confinement

Water in confinement can act very differently from the bulk state. In confinement, there
is a conflict between the energy minimization of the hydrogen-bonded network, interactions with
the cavity surface, the possibility of quantum coherence, and whether the molecule fits within the
available space [47]. The physical properties and state of the confined water may vary widely
depending on the molecular characteristics of the cavity surface and the confinement dimensions,
as well as temperature and pressure. The properties of the confined water are difficult to predict
and have been shown to be very different from those of bulk water in systems such as, porous
silica, biological interfaces, at carbon surface and mineral surfaces. When the confinement is
about or less than 2 nm the water cannot form hexagonal or cubic ice crystals such that cooled
water forms a supercooled water rather than ice [32].
Porous carbon materials are used for separation, purification, and catalysis purposes. [3335]. While the adsorption and phase behavior of nonpolar fluids in carbon pores has been studied
extensively, [36, 37] our understanding regarding adsorption of water in carbon materials is not
as developed. Understanding water adsorption is an experimental challenge due to the small pore
size that characterizes the carbons. It is generally believed that the combination of weak carbonwater dispersive attractions, strong water-water associative interactions and the formation of
hydrogen bonds with oxygenated groups on the carbon surface is responsible for the complex
behavior of water confined in graphitic pores. Activated carbons and Carbide Derived Carbons
are hydrophilic so it is important to understand the impact of water in their roles as
supercapacitor materials. Water is usually removed from working devices to prevent the
breakdown of H2O at low voltages.

5

Water is known as a universal solvent. Its polarity is due to the bent (non-linear)
geometry of its hydrogen and oxygen atoms. Due to its bent geometry its bond dipole moments
do not cancel, so it forms a molecular dipole with its negative pole at the oxygen and its positive
pole midway between the two hydrogen atoms [51, 52]. This geometry allows it to be an
excellent solvent by allowing it to be attracted to either the positive or negative electrical charge
on a solute.
Several types of interactions are possible between water and a solid surface ranging from
electrostatic, dispersion, induction, electron repulsion and hydrogen bonding [48]. The first four
strongly affect the first layer of water in contact with the surface. Electrostatic interactions and
hydrogen bonding affect the orientations between water molecules stronger at surfaces than in
bulk water. Electrostatic interactions exert an orientating force on the water molecules, which
often is in competition with hydrogen bonding. Hydrogen bonding is an attraction between two
polar groups that occurs when a hydrogen atom is bound to a highly electronegative atom. This
allows for water to weakly bind with other molecules, such as those containing nitrogen, oxygen,
or fluorine. Hydrogen bonding also affects the molecular orientation but additionally can
increase or reduce the strength of neighboring hydrogen bonds by their cooperativity or anticooperativity [49]. Hydrogen bonding distances are less than van der Waals distances but greater
than the length of covalent bonds or ionic pair separations [50].
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1.3 Room Temperature Ionic Liquids (RTILs)

Room temperature ionic liquids (RTILs) are salts in the liquid state that have various
applications due to being powerful solvents and electrically conducting fluids (electrolytes) that
consist exclusively of ions. It is noted that salts that are liquid at near-ambient temperature are
important for electric battery applications due to their low vapor pressure, increasing battery life
by higher operating temperatures. The basic components of ionic liquids are cations and anions.
Anions can be classified into two categories: poly-atomic anions that are water sensitive and
mono-atomic anions. By changing the anion and cation of ionic liquids we can obtain versatility
in ionic liquids. Room temperature ionic liquids are liquid below 100°C [12]. RTILs have
tailorable properties including high thermal and chemical stability, moderate to high polarity,
high viscosity, non-toxicity and non-flammable nature. Moreover, RTILs can dissolve a large
variety of organic/inorganic substances and possess high electrical conductivity and a wide
electrochemical window [13].
Viscosity is a property to consider for ionic liquids and corresponds to a major drawback
in some cases, especially in electrochemistry. RTILs are viscous liquids, their viscosities being
1-3 orders of magnitude higher than those of conventional solvents. [18] This property is
important in electrochemical studies because it may exert a strong effect on the rate of mass
transport within solution and on the conductivity of the salts. For a given cation, the viscosity of
the RTILs is strongly determined by the nature of the anion. [19–23] It has been suggested that
the size, shape, and molar mass of the anion contribute to the viscosity with smaller, lighter, and
more symmetric anions leading to more viscous RTILs. [24, 25] Also, the relative basicity of the
anions and their ability to form hydrogen bonds or to allow van der Waals attractions have a
pronounced effect on viscosity. [19, 20]
7

RTILs being composed of mostly ions are among the most concentrated electrolytic
fluids with many charge carriers per unit volume, which when mobile exhibit very high
conductivities in the broad range 0.1-20 mS cm-1 [19, 53-54]. One of the highest conductivities
can be found in the imidazolium family of order of 10 mS cm-1 [55]. The high viscosity of the
RTILs has a major impact on the conductivities because the conductivity is inversely linked to
the viscosity. However, viscosity alone is not the sole reason for the conductivity behavior, even
if one may generally see a correlation between conductivity and viscosity. Many other factors
contribute to the conductivity, such as the effects of the ion size, the anionic charge
delocalization, the RTILs’ density, aggregation and correlated ionic motions [19, 20, 23, 56-57].
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2.0 Experimental Techniques / Instrumentation

2.1 Small Angle Scattering (SAS)

Small angle scattering (SAS) is a technique where some form of radiation, such as light
or subatomic particles collide with matter and a deflection from a normal trajectory is observed.
These deflections occur over a range of about 0.1 to 10 degrees, which can provide insight about
the size, shape, and orientation of structures in samples. SAS allows the investigation of both
large and small-scale structures from 10Å up to thousands of angstroms, having great potential
for analyzing the internal nanostructure of many systems. The scattering intensity, I(Q), is
reported as a function of the absolute value of the scattering vector, or momentum transfer ,
defined as Q = 4πsinθ/λ, where λ is the wavelength and

is the scattering angle. In this

approach, large structures scatter at small angles and small structures scatter at large angles. Two
common scattering probes to obtain bulk information on the structure, size, and interactions of
systems in the physical, chemical, and biological sciences are x-rays and neutrons. Visible light
and electron scattering methods are useful for the study of materials, in some cases there is
overlap in the type of information that may be retrieved, yet their range of application is limited
by the general poor sample penetrating power compared to short wavelength (angstrom scale) xrays and neutrons. Both scattering techniques probe materials on the nanometer scale with the
advantages of being non-invasive and yield physical quantities that are averaged over the whole
sample, such quantities like specific surface or volume can be extracted with almost no
approximations or models. [27-30].

9

When a coherent beam with incident flux N0 (counts/s) strikes a sample volume V, with
thickness ts a fraction of the flux, ΔN, is scattered elastically in the direction Q within a solid
angle ΔΩ:
ΔN = N0T (ts/V) (dσ/dΩ) (Q)ΔΩ

Figure 2. Representation of a Small Angle Scattering setup.
Here, T is the transmission of sample, (dσ/dΩ)(Q) is the differential scattering cross
section which is characteristic of elastic interaction of the material with the incident beam. The
direction vector Q is defined as the vector difference between the incoming and scattering wave
vectors, ki and kf, respectively, and k has a value of (2π/𝝀) k. The magnitude of scattering vector
|Q| is related to the angle of scattering with respect to the incident beam, 2θ, by |Q| = 4πsinθ/λ.
The measured scattered intensity, then, is related to a quantity called the differential scattering
cross section (dΣ/dΩ)(Q) per unit volume by:
I (cm-1) = (dΣ/dΩ) (Q) = (1/V) (dσ/dΩ) (Q) = (ΔN/N0)[1/(TtsΔΩ)]
The scattering intensity I (cm-1) is directly related to the structure of the sample. The
strength of the interaction with the beam, characterized by the scattering length bi depends on the
type of radiation in use and the element i illuminated in the sample. Thus, the scattering length
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density can be written as SLD=

, where

is the bound coherent length of the ith atom in a

molecule with n atoms and molecular volume

.

Small angle X-ray scattering (SAXS) is the elastic scattering of monochromatic x-rays
used for determining the microscale or nanoscale structure of particle systems. Information that
can in terms of such be obtained include: average particle sizes, shapes, distribution, and surfaceto-volume ratio. The materials can be solid or liquid and they can contain solid, liquid or gaseous
domains (so-called particles) of the same or another material in any combination. In the case of
x-rays, the photons can interact with every electron in the material. The scattering length is the
Thomson scattering length b = e2/ 4πε0mc2 = 0.282 E -14 m. Thus, in x-ray scattering, a material
can be described by its local electron density ρe.

2.2 Small Angle Neutron Scattering (SANS)

Small angle neutron scattering (SANS) is an experimental technique that uses elastic
neutron scattering at small angles to investigate the structure of various materials on the scale of
10 Å to 1000 Å. This happens through the interaction with the nucleus of atoms, and because
neutrons are electrically neutral, they have high penetration strength through materials. The
interaction of neutrons with the nucleus of atoms allows variation of the SANS intensity by
adjusting the contrast between two phases with different composition through isotopic
substitution. This allows the study the formation of reaction products at an interface and in
nanoscale pore spaces. For example, the scattering signal from two samples that are nearly
chemically identical, but with the hydrogen substituted with deuterium in one of the samples,
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will show significant differences that are linked to the sample’s composition and nanoscale
organization. As a bulk structural probe, SANS provides representative microstructural
information over the entire sample instead of sampling a small region. Small-angle neutron
scattering (SANS) measurements were conducted at BL-6B (EQ-SANS), Spallation Neutron
Source, Oak Ridge National Laboratory. Measurements were conducted in two configurations:
(1) 1.3 m sample to detector distance (SDD), with wavelength band of 1.13-4.65 Å; and (2) 4 m
SDD, using frame-skipping mode, which simultaneously uses two wavelength bands, 2.61-5.61
Å and 9.51-12.91 Å, to obtain a wide Q-range and sufficient overlap in Q between
configurations. Samples were loaded into 1 mm path length, 18 mm diameter, quartz banjo cells.
The beam size at the sample position was defined by an aperture of 10 mm in diameter. Standard
corrections for background, detector efficiency, and intensity calibrations were performed. The
total mass of each sample was recorded to obtain a value for the packing density and the carbon
mass was used to normalize the scattering data.

2.3 Xeuss 2.0 HR System

Xeuss 2.0 is 5 meter laboratory beam line designed for small and wide angle scattering
that was assembled in the Nanomaterials, Interfaces, and Confinement for Energy and the
Environment Laboratory (NICE2) Lab at The University of Texas at El Paso (UTEP) for the
nanoscale structural characterization of materials. This instrument has a GeniX Copper (Cu)
source that integrates an X-ray micro focus tube and X-ray optics. The collimation is composed
of two slits and a vacuum tube. Apertures (pinholes and slits) are used universally in X-ray
diffraction (XRD) instruments to collimate the beam, controlling beam size and divergence
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which are key parameters in setting the measurement resolution. Most X-ray apertures are made
from machined high-density metals (e.g. tungsten or tantalum) due to their high x-ray
attenuation. However, the intrinsic nano- and microscale roughness of the polycrystalline metal
materials, consisting of multiple grains and grain boundaries, as well as the roughness of the
aperture edge, give rise to what is commonly referred to as parasitic or slit scattering [38]. This
broadens the beam proﬁle, while increasing the background intensity, which have detrimental
effects on data quality. Most intense slit scattering generally occurs in the low-angle region,
being the main limiting factor of resolution. However, the Xeuss 2.0 uses only two slits as
opposed to the most common three slits due to its Scatterless Hybrid metal-single crystal slit that
eliminates parasitic scattering from the slits [72]. Plus, using a large built-in tapering (tilt) angle
(typically>10°, much larger than the beam divergence), it avoids any possibility of grazing
incidence and inhibits surface scattering from the slits. The slit edge is made of a rectangular
single-side polished Si substrate, bonded to the tapered end of a metal base. The hybrid design
offers several advantages over a monolithic single-crystal design. Allowing for variations of both
the width and the pitch (tapering angle) of the Si edge, two parameters crucial to optimal
performance. Furthermore, it minimizes detrimental X-ray transmission through the slit body due
to the use of a high-density metal base. The slits are motorized and can be adjusted accordingly
with each slit having four independently driven slit blades. The aperture of each set of slits
defines the resolution and the flux of X-ray photons that one will get for a SAXS/WAXS
experiment. Having a chamber containing multi axis sample stage enabling the use of various
sample holders and accessories including doing experiments in vacuum.
The detector being a Pilatus R 200K-A with pixel size 172 x 172μm2 and pixel density of
34mm-2 that is fixed to two motorized translation stages, enabling the adjustment of the vertical
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and horizontal position of the detector towards the X-ray beam with multiple sample to detector
distances: ranging from 150 mm to 2500 mm. Having a hybrid photon counting (HPC)
technology that uses direct conversion and photon counting that allows for fast readout, no dark
signal, no readout noise and high dynamic range. Where direct conversion has x-rays directly
converted to charge with just a single conversion step maximizing the sensitivity and accuracy,
while the charge is captured in an electric field, minimizing the signal spread.
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3.0 Sample Characterization / Preparation

3.1 Gas Sorption
Nitrogen (N2) adsorption experiments where performed for the purpose of obtaining the volume
fraction of the porosity of carbide derived carbons. Sorption is the general term describing
the physical or chemical process by which one substance becomes attached to another. It may
occur through either absorption or adsorption. Absorption is the incorporation of a substance in
one state into another of a different state such as liquids or gases being absorbed by a solid. [6]
Adsorption happens when molecules or ions bond onto the surface of another material, and
maybe physical adsorption, or chemical adsorption. In nitrogen adsorption measurements,
different amounts of a known calibrated quantity of nitrogen are incrementally introduced to a
fixed volume which contains the sample and is at 77K, the boiling point of N2. Typical pressures
for a N2 adsorption experiment range from 10-6 Torr to atmospheric pressure. As N2 adsorbs
onto the sample surface, the measured pressure in the instrument is lower than it would be with
no adsorption and this change in pressure is proportional to the number of N2 molecules
adsorbed on the surface. As the amount (pressure) of added N2 is automatically increased by the
instrument, eventually a N2 monolayer forms, followed by a secondary layer, until eventually all
accessible pore spaces are filled with liquid N2. Figure 3 shows adsorbed nitrogen vs. The steep
increase in the liquid N2 volume at low pressures indicates that the majority of N2 enters very
fine micropores where most N2 is surface-bound, then other larger spaces become filled as
atmospheric pressure is approached. The total pore volume, taken at P/P0 = 0.98 is displayed in
Table 1.
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Figure 3. TiC-CDC Nitrogen adsorption isotherms.

Table 1. Nitrogen Gas Adsorption Results. Total pore volume obtained at P/P0 = 0.98.
Sample name

Pore Volume (cc/g)

CDC 300

0.32

CDC 400

0.42

CDC 600

0.61

CDC 800

0.70

3.2SANS/SAXS Sample Preparation

SANS measurements were carried out on Ti-CDC four types of CDC materials synthesized at
300, 400, 600 and 800 ℃. Each CDC was exposed to various degrees of D2O hydration. The
dry material was measured for all four sizes. In the case of the dry measurement, individual
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measurements were made for two different handling procedures as they were loaded into quartz
banjo cells.
In the first procedure, the dry material was dried at 150°C in a vacuum oven for at least 3
days. The vacuum oven was then backfilled with argon gas and the dried material was
transferred into a glass vial and capped with a PTFE septum under a positive flow of argon gas.
The sealed vials were transferred to an argon glove bag and the powders were loaded into 1mm
thickness quartz banjo cells. The cells were sealed with PTFE tape wrapped between and around
the standard banjo cell plugs. The mass of the TiC-CDC was measured to keep track of any
changes after loading into the sample cell. In the second procedure, the dry powders were loaded
and sealed in the quartz banjo cells under ambient air, i.e., without the precaution of an inert,
water-free atmosphere. In this case, the samples were exposed for 5-10 minutes to ambient air.
The samples were hydrated with three degrees of D2O as outlined below.
16hr: The samples with the highest D2O content were exposed to D2O at 80℃ for 16 hr.
The samples were placed in an oven with an open reservoir that allowed D2O to equilibrate with
vapor pressure at 80℃. Condensation occurred only at the oven door, where a temperature
gradient was present. Thus, the samples are not likely to have had droplet condensation. The
oven was allowed to cool to 23℃ before the door was opened and the samples removed. 3.5hr:
The samples exposed to the 16hr, 80℃ treatments were subsequently vacuum dried for one hour.
This removed most of the water initially adsorbed. The samples were then exposed to D2O in a
sealed reservoir with D2O allowed to adsorb in the vapor phase at room temperature for 3.5
hours. 10 hr: The samples exposed to D2O for 3.5 hr were exposed for an additional amount of
time under the same conditions as the in the 3.5 hr case for a total of 10 hours.
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SAXS measurements were carried out on Ti-CDC synthesized at 300℃ under various
degrees of RTIL/H2O hydration. The dry material was measured before and after hydration. In
the case of the dry measurement, individual measurements were made for two different handling
procedures as they were loaded into capillaries and o-rings.
In the first procedure, the dry material was dried at 125℃ in a vacuum oven for at least 1
day. The vacuum oven was then backfilled with argon gas and then dried material was
transferred into a glass vial and capped with a PTFE septum. The sealed vials were weight before
and after introducing the dry material into the container to accurately calculate the mass of the
sample in each vial. Using the mass, we calculated the ratio of water or RTIL that would go into
the samples to be hydrated with the according ratios. In the second procedure, the dry powders
were loaded into capillaries or O-rings and with the appropriate amount of water and RTIL
where introduced to the sample before loading into the capillaries or O-rings. The samples were
hydrated with four degrees of H2O and RTIL as outlined below.
100%: The samples with the highest H2O and 100% RTIL content were exposed to H2O at room
temperature for at least 16 hours. The samples were placed in a container alongside a water
reservoir and the container was tightly sealed to expose the samples to 100% water-saturated air.
The RTIL concentrations of 25%, 50%, 100% and 150% RTIL where calculated by using the
following formula:
Carbon (0.3cc/g) * Carbon mass (g/cm3) = Carbon Volume (ml)
Then figuring out the mass of the volume of RTIL required to fill 100% of the carbon pores by:
RTIL density (1.43 g/ml) * Carbon pore volume (ml) = RTIL volume (ml)
Then the correct amount of RTIL according to the percentage was calculated and weighed.
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50%: The samples for the 50% RTIL was dried at 125℃ for a day and separated into two
quantities. Where one was exposed to water after the addition of 50% RTIL and the other had
no addition of water just the 50% RTIL dispersed in methanol. Then the samples where both
loaded into capillaries and sealed with wax before the SAXS experiments in vacuum and in air.
25%: The 25% RTIL sample had the same treatment as the previous concentrations, however,
no second sample was made that contained only RTIL. The 25% RTIL sample was exposed to
water and was loaded to an O-ring instead of a capillary.
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4.0 Results/Discussion

4.1 General Data Overview

Carbon Derived Carbon are tunable nonporous carbons are derived from a carbide precursor,
such as: TiC, SiC. A CDCs structure can range from amorphous to highly ordered graphitic
nature by selective removal of metal or metalloid atoms, via chlorination, from a crystalline
metal carbide precursor, TiC in this case. It is possible to control the structure, pore size, and
density of CDCs by taking a specific carbide structure with desired properties and further tuning
these properties by changing the synthesis parameters, such as the chlorination temperature.
High-temperature etching from 200 to 1000 Celsius with chlorine gas was used to yield porous
carbon with micro and meso-pores of range between 5Å and 20Å. With higher temperatures,
pores size increases and the pore walls become more graphitic. Small angle neutron scattering
(SANS) was conducted in Oak Ridge National Laboratory on TiC-CDC synthesized via
chlorination at four different temperatures 300, 400, 600 and 800 °C.

20

Figure 4. Dry CDC’s 300 to 800, Q range: 0.005 – 1.5.
Figure 6 illustrates the properties of each part of the SANS data collected for the dry CDC’s
ranging from 300°C to 800°C. The lower Q range of the graph exhibits a power law in the
scattering, called Porod scattering, due to surface scattering off the micron-sized powder grains.
The middle portion of the graph shows the mesopore and micropore scattering. The mesopores
scattering occurs near Q~0.1Å-1 and micropores scattering at Q~0.5 Å-1.

21

Figure 5. SANS data for Dry vs. D2O loadings.
The dry CDC SANS curves show that at higher temperatures the structure has an increase
in meso-pores and a decrease in micro pores, in agreement with a number of reports [66]. The
CDC-800°C (blue line) concave curve has intensity at mid-Q than the 600, 400, and 300, but has
lower intensity at higher Q.
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4.2 Raspberry Structural Model

Sasview, a small angle scattering structural model analysis program, was used to analyze the
SANS data. The surface scattering is accounted for using a power law, while nanostructure
model first tested was the raspberry hierarchical model composed of smaller spheres at the
surface of a larger sphere, such as the structure of a Pickering emulsion [75].

Figure 6. Representation of the raspberry model [75]. RL is the large sphere radius, RS is the
small sphere radius and δ is the depth penetration of the smaller spheres into the larger sphere.
To calculate the form factor of the entire complex, the self-correlation of the large sphere, the
self-correlation of the particles, the correlation terms between different particles and the cross
terms between large sphere and small particles all need to be calculated. All terms are calculated
based on the classic Debye equation [58]. The model considers two infinitely thin shells of radii
R1 and R2 separated by a distance r. The general structure of the equation is then the form factor
of the two shells multiplied by the phase factor that accounts for the separation of their centers.
S(q) = sin(q R1)/q R1 sin(q R2)/q R2 sin(qr)/qr
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In this case, the large particle and small particles are solid spheres rather than thin shells. Thus
the two terms must be integrated over RL and RS respectively using the weighting function of a
sphere (p = 4πR2). The integration and normalization yields the following functions for the two
spheres [75]:
ΨL = ∫0Ro (4πRL2) (sin(qRL)/qRL) dRL = (3[sin(qRL) – qRL cos(qRL)]/(qRL)2)
ΨS = ∫0Ro (4πRS2) (sin(qRS)/qRS) dRS = (3[sin(qRS) – qRS cos(qRS)]/(qRS)2)
The cross term between the large and small spheres is also derived from the Debye equation.
Here we initially assume that the small sphere lies exactly at the interface of the large sphere. For
this case the phase factor is integrated over RS because that is the separation between the centers
of the large and small sphere.
SLS = ΨL ΨS [sin(qRS)/qRS]
The cross term between two small spheres particles is slightly more complex. The phase
factor in this expression must be averaged over the pair distance distribution function of an
infinitely thin shell with radius RS. The small spheres are assumed to be mobile and evenly
distributed around the large sphere surface. Therefore, the thin shell probability function is used
as an approximation because the particle positions in a real emulsion are time and ensemble
averaged. Convolution of the expressions for the thin shell and the sphere results in the following
particle–particle correlation term:
SSS = ΨS2 [sin(qRS)/qRS]2
This treatment of the phase factor limits the ability of the model to simulate strong
correlations in the plane of the interface such as those that could occur due to hexagonal closepacking organization. The equations derived above assume the small particles sit exactly at the
center of the large sphere interface. Raspberry colloids could also have the small spherical
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particles sitting at different positions depending on the method of synthesis [60-65]. Therefore, it
is necessary to adjust the position of the particles to simulate various levels of penetration. This
effect can be modeled by replacing RL in the phase factor with an effective radius RL + δRS
where 1 < δ < 1 [59].
An important parameter in the characterization of Pickering emulsions is the percentage
of large sphere surface area that is covered or shadowed by small pores. Even when d is nonzero, the particles will still prevent other particles from using the surface that is shadowed by
their cross section as illustrated in the above figure.
The number of particles at the surface of a single large sphere, NS, is calculated as a
function of the fraction of area coverage (Χ) where VL is the volume of the large sphere and VS
is the volume of a smaller sphere: NS = ϕS T ϕS aVL / ϕLVS.
Here ϕST is the volume fraction of small particles in the sample, ϕSa is the fraction of the small
particles that are adsorbed to the large sphere, ϕL is the volume fraction of large spheres in the
sample, and VS and VL are the volumes of individual small particles and large spheres
respectively.
The form factor of the entire complex can now be calculated including the excess scattering
length densities of the components ΔρL and ΔρS, where Δρx= |ρx−ρsolvent| , for x=L and x=S
respectively. The prefactor, M, is the total scattering length of the whole complex:

2
2
2
PLS=1/M [(ΔρL) VL2ΨL2 + Np (ΔρS) VS2 ΨS2 + Np(1−Np) (ΔρS)2VS2SSS + 2NpΔρLΔρSVLVSSLS]

M = ΔρLVL + NSΔρSVS
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In a real system, there will usually be an excess of small particles such that some fraction
remains unbound. Therefore, the overall scattering intensity is given by:

2

2

2

I(Q)=ILS(Q)+IS(Q)=(ϕL(ΔρL) VL+ϕSϕSTNSa(ΔρS) VS)PLS+ϕST(1−ϕSa)(ΔρS) VSΨS2

The parameters given by this model are given in

Table 2.

Table 2. Raspberry Model Parameters
Parameter

Description

Units

background

Source background

cm-1

sld_lg

large particle scattering length density

10-6Å-2

sld_sm

small particle scattering length density

10-6Å-2

sld_solvent

solvent scattering length density

10-6Å-2

volfraction_lg

volume fraction of large spheres

None

volfraction_sm

volume fraction of small spheres

None

surface_fraction fraction of small spheres at surface

None

radius_lg

radius of large spheres

Å

radius_sm

radius of small spheres

Å

penetration

fractional penetration depth of small spheres into large sphere

Å
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The SLD’s for both the larger and smaller sphere where kept at 0 for the dry CDC’s. The SLD
for the solvent, in our case carbon, for the SANS data is a constant of 6.67e-06 10-6Å-2.
The volume fraction of the smaller, larger sphere and the carbon cannot exceed a value of 1,
while the surface fraction is the number of smaller spheres covering the larger sphere. From
literature we can expect that large and small radius of the spheres should be approximately
between 5Å and 20Å. Where the penetration denoted as 𝛿 in the figure above describes the
position of the smaller pore according to the surface of the larger pore with a scale going from -1
to 1. Values of 𝛿 = 1 indicate the smaller pore is no longer in contact with and just outside of the
larger pore, and 𝛿= -1 indicate the small pore is completely embedded within the surface of the
larger pore. Figure 7 depicts the best fits for the dry CDC’s (300, 400, 600, and 800°C samples)
using the raspberry model. From the graphs one can see that for all four graphs the model
deviated the most from the data f or samples CDC 300°C and CDC 800°C.
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Figure 7. Representation of the best raspberry model fits for the Dry CDCs produced at 300, 400,
600 and 800°C.
Table 3. Parameters of the best fits for the raspberry Dry 300 400, 600 and 800°C CDCs.
Parameter

300 °C

400 °C

600 °C

800 °C

background

.067 cm-1

.0478 cm-1

.0523 cm-1

.059 cm-1

Power Law

4.45 ± .02

3.94 ± .02

3.97 ± .02

3.87 ± .04

sld_solvent

6.67 10-6Å-2 (fixed)

volfraction_lg

.0043799 ± .002

.0030542 ± .002

.0020744 ± .002

.000614 ± .0002

volfraction_sm

. 30699 ± .017

.41842 ± .042

.60921 ± .061

.68054 ± .028

surface_fraction

.0046 ± .003

.012951 ± .01

.0014209 ± .001

.009 ± .002

radius_lg

51.77 Å ± 2.89

54.839 Å ± 1.02

35.08 Å ± 4.35

53.50 Å ± .6

radius_sm

4.167 Å ± .02

3.8749 Å ± .02

4.335 Å ± .01

5.309 Å ± .02

6.67 10-6Å-2 (fixed) 6.67 10-6Å-2 (fixed) 6.67 10-6Å-2 (fixed)
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penetration

.999 ± 5e-09

.999 ± 5e-09

.999 ± 3e-09

.999 ± 3e-09

Chi2/pts

5.204

1.796

.939

7.349

The scattering length density for both the large and smaller spheres where kept at zero,
since there was no D2O added to the dry sample. Only the CDC itself was measured; a fixed
SLD value of 6.67 10-6Å-2 was used assuming a carbon skeletal density of 2 g/cc.

The

parameters where all within the given ranges for the total volume fraction for the 300 dry CDC
was roughly 0.31, which is close to the 0.44cc/g from the nitrogen sorption data. The same
treatment was done with the other dry CDC materials. The pore size distribution was consistent
with what is found in literature where CDCs contain a mixture of meso and micro pores, giving
the large difference between the large pores of roughly 50 Å and small pores of about 4 Å. The
surface fraction for all four systems was well under 0.013.
The small value for the volume fraction for the larger pore size corresponding to the large
radius means that there are very few pores that have such a large radius. The larger volume
fraction for the smaller pore size radius implies that all the dry CDCs are mostly composed of
pores with radius ranging from 3.9 to 5.3 Å. The low surface fraction is at most 0.013, meaning
that the number of smaller spheres at the surface of the larger sphere are about 1% from the total
amount of the smaller spheres in the system. Coupled with the penetration value going to the
limit every time suggests that the two variations of radius spheres are not as interconnected as
thought. The results show that the system is more polydisperse and that the distribution of the
spheres is less correlated than assumed, so the raspberry model is limited in how well it can
represent the structure of all 4 CDCs.
The raspberry model could not reproduce the SANS data accurately, especially at the
various D2O loadings, which repeatedly gave negative SLD values for either the smaller pore
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size or the large pore size. The SLD should have increased from 0 to 6.3, which corresponds to a
pores filled completely with D2O at bulk density. Figure 5 shows curves dip completely at mid-Q
once all carbon pores are completely filled at 16hr.
Dry CDC model fits resulted in a good correlation between increased total pore volume
and increased synthesis temperature. However, the large pore radius did not follow any clear
trend with synthesis temperature. The large pore radii were 51 Å, 54 Å, 35 Å, and 53 Å for CDC
300, 400, 600, and 800 °C, respectively. The raspberry model tended towards penetration values
greater than 0.999 if not manually constrained, indicating that most small pores are not at the
surface of the larger pores.

4.3 Bi-Modal Sphere Model

Due to the very low surface fraction obtain previously from the raspberry model it was
concluded that the pores are not as inter connected with the larger pore size as initially assumed
and that the larger and the smaller pores do not differ much in size. Also, because the raspberry
model did not reproduce any of the water loading curves, a bi-modal sphere model was tested.
The model tested is composed of a power law (to account for powder surface scattering) and two
spheres where each sphere is denoted by the following equation:
I(q) = (scale/V) [3V(Δρ)((sin(qr)−qrcos(qr)))/(qr)3)] +background
Where scale relates to the number of scatterers, V is the volume of the scatterer, r is the radius of
the sphere and background is a constant value to account for any unsubtracted signal. Sld and
sld_solvent are the scattering length densities (SLDs) of the scatterer and the solvent
respectively, whose difference is Δρ. One advantage of this model the use of less free parameters
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which allow more exact measurements for the radius of the two pores sizes and help shine light
into how the D2O behaved by figuring out the SLD measurements.
First step taken was finding the background of each data set that results in a Q-4 dependence in
the high-Q region, characteristic of pore wall surface scattering. Background values are
displayed in Table 4.
Table 4.Background values for each individual CDC.
H

300

400

600

800

Dry

0.0592263

0.04009843

0.04572815

0.0308513

3.5

0.04650222

0.03065655

0.04144771

0.02711565

10

0.050661355

0.03626352

0.04619173

0.02412133

16

0.05283975

0.029578763

0.046107913

0.02062044

Both the 300°C and 400°C backgrounds fluctuate yet end at a lower background at 16hr
hydration compared to the dry material. The CDC 600°C background remains relatively constant
at all hydration levels. The CDC 800°C background decreases with increasing water loading.
Because the backgrounds depend on the combined effect of 1) decreased small pore SANS signal
due to decreased contrast resulting from the increase in D2O uptake, and on 2) an increase in the
D2O nearest neighbor intermolecular correlation with increased D2O uptake, a rigorous analysis
of the backgrounds, not performed here, would be required to obtain definitive insights, if any,
on D2O-pore interactions.
The parameters for the customized model of the two spheres and the power law (SSP) for short
are displayed in Table 5.
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Table 5. Bimodal sphere parameters. The value of parameters which were fixed are displayed in
the “value” column.
parameter

value

parameter

value

p1_p1_scale

p2_back

p1_p1_scale

p1_p1_sld_solvent

6.67
6.67

p1_scale_factor

1

p1_p2_sld_solvent

p1_p1_back

0

p2_power

p1_p2_back

0

p1_p1_radius

p2_scale

p1_p2_radius

p1_p1_sld

scale_factor

Table 4 values

1

p1_p2_sld

The parameters that where fixed throughout all the data sets are shown with the fixed value in
Table 5. Parameters p1_p1_sld and p1_p2_sld are the SLDs of the large and small sphere and
were fixed to SLD=0 only for the dry material. For samples with water, this value was allowed to
vary.
This model we also includes the polydispersity of the two pore size distributions
especially the ones for the low Q range, since most of the fits where initially off in that region.
Thus, three polydispersity distributions were tested which where: Gaussian, Lognormal and
Schulz distributions. SasView can calculate the average form factor for a population of particles
that exhibit size and/or orientational polydispersity. The resultant form factor is normalized by
the average particle volume such that: P(q) = scale * <F*F> / V + background.
Here, F is the scattering amplitude and the < > denote an average over the size distribution.
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The term PD is the polydisperity index and the term Sigma for an angular distribution.

Gaussian distribution or normal distribution is a continuous probability distribution
that have many convenient properties, so random variates with unknown distributions are often
assumed to be normal, especially in physics and astronomy. Although this can be a dangerous
assumption, it is often a good approximation due to a surprising result known as the central limit
theorem. This theorem states that the mean of any set of variates with any distribution having a
finite mean and variance tends to the normal distribution.
F(x) = (1/Normalization) exp (-(x-xmean)2/2σ2) ,

PD = σ/xmean

where xmean is the mean of the distribution and Norm is a normalization factor which is
determined during the numerical calculation.

Figure 8.Gaussian Distribution plot representation
The starting values used for the polydispersity are as follow below:
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Polydispersity with Q range limits: min: 0.01 to max: 1.0
p1_p1_radius.width = 0.07

range of max and min set accordingly to the data set being used.

p1_p2_radius.width = 0.07

range of max and min set accordingly to the data set being used.

Below are the numbers given for the Gaussian function for starting with a PD of 0.07 and 11
Npts that correlate with the graph in Figure 8 above.
XmeanPD
0.07

r,xmean

sig=PD*r

3.5

0.245

N
11

N*sig

Xmean+sig

Npts Ninterval

Nsig
0.245
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3.255

3.745

35

.049

Figure 9. Gaussian Distribution best fits for the CDC 300°C set.

Figure 10. Gaussian Distribution Residuals for CDC 300°C set.
Table 6.Gaussian Distribution parameters corresponding to the best fits for the CDC 300°C set.
Parameter

300 °C Dry

300 °C 3.5Hr

300 °C 10Hr

P1_scale

0.0003 ± 1.18e-05

0.01 ± 0.004

0.017 ± 0.006

35

P1_radius

47.41 ± 0.67 Å

9.57 ± 0.24 Å

11.43 ± 0.03 Å

P1_SLD

0

0.56 ± 1.05

0.76 ± 1.12

P2_scale

0.17 ± 0.0005

0.21 ± 0.18

0.21 ± 0.33

P2_radius

3.33 ± 0.005 Å

3.84 ± 0.014 Å

5.33 ± 0.01 Å

P2_SLD

0

1.93 ± 2.07

3.35 ± 2.58

P2_scale

1.86e-06 ± 4.68e-08

5.07e-06 ± 4.34e-08

4.39e-06 ± 3.59e-08

Power

4.16 ± 0.006

3.97 ± 0.002

4.08 ± 0.002

PD1_r

0.15 ± 0.020126

0.07 ± 0.04

0.15 ± 1.82e-09

PD2_r

0.16 ± 4.8537e-10

0.2 ± 7.39e-10

0.16 ± 0.02

Chi2/pts

2.87

5.73

11.17

After determining the sphere radius that gave the best fit using no polydispersity in the
300°C dry data, the polydispersity distribution was then allowed to change within a PD range of
0.06 to 0.15. The polydispersity option was toggled on/off to try to get the best fits possible. The
small sphere radius varied minimally and stayed between 3.32 Å to 3.6 Å. The larger sphere
radius fluctuated from 47 Å to around 17 Å, and sometimes 8 Å. However, the larger radius
around 47 Å gave the best fit with the lowest error for the dry.

Next, the D2O data sets for the 300°C: 3.5 Hr and 10 Hr, fit. The PD distribution range
was changed according to the values of the dry and the SLD was allowed to change. The PD
values of the 300°C dry were chosen as the minimum values for the water data set for the 300°C
3.5 hours data set, which ranged from 0.06 to 0.2. The parameters were allowed to fluctuate and
the changes in the resulting parameters: SLD, Radius and the PD distributions were analyzed.
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The PD values generally did not have any significant impact on the fits or in the other
parameters. There was a significant change when the PD values were allowed to be magnitudes
higher, and tended toward the limit of the range given, in this case 0.06 to 0.16. They especially
pushed the limits higher and higher as the D2O loadings increased. Also, the radius of the larger
sphere tended to decrease in size compared to its dry counterpart from size of 47 Å to 9-11 Å.
The radius of the smaller spheres, however, increased in radius with the increase of the D2O
loadings. The SLD for both spheres followed the trend of increasing with water exposure time;
but had margins of error of almost double their own value. These trend show that increasing D2O
loadings cause an increase of the polydispersity in the system and in some cases the large radius
was smaller, and the smaller spheres seem to increase in size with the loadings.
Lognormal Distribution is a continuous probability distribution of a random
variable whose logarithm is normally distributed that describes a function of X where ln(x) has a
normal distribution. The result is a distribution that is skewed towards larger values of x and
defined as follows:
F(x) = (1/Norm)(1/xp) exp(-(ln(x)-μ)2/2p2)
where μ=ln(xmed), xmed is the median value of the distribution, and Norm is a normalization
factor which will be determined during the numerical calculation. The median value for the
distribution will be the value given for the respective size parameter. The polydispersity is given
by σ.

PD = p
For the angular distribution, p = σ/xmed
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The mean value is given by xmean=exp(μ+p2/2). The peak value is given by xpeak=exp(μ-p2). This
distribution function spreads more, and the peak shifts to the left, as p increases, requiring higher
values of Nsigmas and Npts.

Figure 11. Lognormal plot representation with initial conditions of PD = 0.15 and mean = 3.5

The starting values used for the polydispersity are as follows:
Polydispersity with Q range limits: min: 0.01 to max: 1.0
p1_p1_radius.width = 0.15

range of max and min set accordingly to the data set being used.

p1_p2_radius.width = 0.15

range of max and min set accordingly to the data set being used.

Below are the numbers given for the Lognormal function for starting with a PD of 0.15 and 11
Npts that correlate with the graph above.

PD=p

xmed

sig

mu

LogN_xmean

N
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N*p

xmed-Np

xmed+Np

Npts

Ninterval

0.15

3.5

0.525

1.7766

5.98

2

0.3

3.2

3.8
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Figure 12.Best PSS Lognormal Distribution fits for the 300 CDC data set.
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0.042857

Figure 11. Lognormal Distribution Residuals for CDC 300°C set.
Table 7. Lognormal distribution parameters corresponding to best fits plot.
Parameter

300 °C Dry

300 °C 3.5Hr

300 °C 10Hr

P1_scale

0.0005 ± 1.48e-05

0.02 ± 0.004

0.01 ± 0.002

P1_radius

41.001 ± 1.33

6.3 ± 0.03

9.99 ± 2.81

P1_SLD

0

0.38 ± 0.69

0.001 ± 1e+08

P1_P2_scale

0.16 ± 0.0004

0.14 ± 0.07

0.10 ± 0.07

P2_radius

3.66 ± 0.005

4.13 ± 0.01

3.57 ± 0.58

P2_SLD

0

1.16 ± 1.46

1.59 ± 1.84

P2_scale

1.58e-06 ± 4.53e-08

5.09e-06 ± 4.21e-08

4.06e-06 ± 3.49e-08

Power

4.21 ± 0.007

3.97 ± 0.002

4.1 ± 0.002

PD1_r

0.35 ± 0.03

0.35 ± 0.001

0.32 ± 0.2

40

PD2_r

0.01 ± 0.01

0.03 ± 0.005

0.55 ± 0.15

Chi2/pts

2.46

4.26

9.26

At first, the initial PD values were set to 0.05 to 0.15 and their tendency to go high or low
was observed. Within small PD value limit ranges, they always approached the limit with little
change in the quality of the fits. At wide PD limits, the larger sphere always stayed below PD =
0.35474 and the PD value for the smaller sphere decreased in value for increasing large sphere
PD values. In addition, as the PD of the larger sphere increased the radius decreased in value. For
the 300 Dry the best fits where the one where the larger sphere was about 41 Å with a small
P1_scale and a PD value of 0.35, while the small sphere had a radius of around 3.6 Å with a large
p1_p2_scale of 0.16 and a low PD value of 0.01. The P1_P2_scale for the smaller sphere hints
towards there being more spheres with a radius of 3.6 Å than those of 41 Å.
PD range values of 0.05 to 0.16 were chosen for the 300°C 3.5 hour data, based on the
best fit radius of the 300°C Dry sample. Depending on the fit result the PD ranges were
increased. The best fit resulted in a large sphere radius of 6.3 Å with PD=0.35 and a small sphere
radius of 4.13 Å with a PD=0.03. Also, the scales for the larger sphere increased with the
decrease of the pore radius. The SLD values gave margins of error that where larger than the
values themselves.
The 300°C 10 hour data did not fit well if a large sphere was used. The best fits resulted
from radius values close in size to the small sphere. In these fits, the larger sphere varied from
7.35 Å to 8-9 Å, while the SLD tended towards 0.001 and had very high errors. The increase of
the P scales for the radius remained fairly constant, showing that the radius of about 3 Å to 9 Å
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are more abundant than that of 41 Å. It is highly likely that the 10hr data can be modeled
adequately using a single sphere without losing much information.
In conclusion the PD values of the large spheres tended toward 0.35, especially with the
D2O loadings. The large radius decreased in size, to 6 Å at 3.5hr and 9 Å at 10hr, when compared
to the dry which has a radius of 41 Å, yet the scale of with D2O loadings was higher at 0.01
compared to a scale of 0.0005 in the dry sample. The lognormal distribution gave better fits than
the Gaussian, however, the SLD had a high margin of error and the dry kept giving a large radius
in the around 40 Å, with an increase in the PD values from 0.16 to 0.35. However, the P scales
for the larger radius increased significantly as the radius of the larger sphere decreased suggests
that the larger spheres are not as large as the dry shows, but seems that they may have a larger
polydispersity of their sizes. The increase of polydispersity pushing the limits was mostly only
seen for the larger sphere, while for the smaller sphere the PD value stayed very low. This
increase in the larger sphere polydispersity with D2O loading points to a highly heterogenous
D2O pore filling mechanism. If D2O were filling the pores uniformly from the walls to the
center the polydispersity should not be affect so severely. Instead, there is random filling in the
large pores, and partial filling of other pores which appear in the neutron data as a polydisperse
collection of unfilled pore spaces.

The Schulz distribution describes the relative ratios of polymers of different length that occur in
an ideal step-growth polymerization process. It is similar to the Lognormal distribution, in that it
is also skewed towards larger values of x, but which has computational advantages over the
Lognormal distribution. The Schulz distribution is defined as
F(x) = (1/Norm)(z+1)z+1(x/xmean)z [exp(-(z+1)x/xmean / xmeanΓ(z+1)]
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where xmean is the mean of the distribution and Norm is a normalization factor which is
determined during the numerical calculation, and z is a measure of the width of the distribution
such that z = (1-p2) / p2. The polydispersity is p = σ/xmean. Note that larger values of PD might
need larger values of Npts and Nsigmas. For example, at PD=0.7 and radius=60 Å, Npts>=160
and Nsigmas>=15 at least [76].

Figure 13. Schulz plot representation with initial conditions of PD = .15 and mean = 3.5

The starting values used for the polydispersity are as follow:
Polydispersity with Q range limits: min: 0.01 to max: 1.0
p1_p1_radius.width = 0.15

range of max and min set accordingly to the data set being used.

p1_p2_radius. width = 0.15

range of max and min set accordingly to the data set being used.
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Below are the numbers given for the Schulz function for starting with a PD of .15 and 11 Npts
that correlate with the graph above.

PD=p r,xmean sig
0.15

z

3.5 0.525 43.44

N N*sig xmean-Nsig
2

1.05

2.45

xmed+NP Npts
4.55
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Figure 14. Best PSS Schulz Distribution fits for the 300 CDC data set.
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Ninterval
0.15

Figure 15. Schulz Distribution Residuals for CDC 300°C set.

Table 8. Schulz distribution parameters corresponding to best fits plot.
Parameter

300 °C Dry

300 °C 3.5Hr

300 °C 10Hr

P1_scale

0.0003 ±7.42e-06

0.01 ± 0.004

.015 ± 0.001

P1_radius

48.1 ± 0.25

7.19 ± 4.85

10.3 ± 0.04

P1_SLD

0

1.19 ± 2.19

1.3 ± 0.36

P2_scale

0.167 ± 0.001

0.21 ± 0.17

.15 ± 0.03

P2_radius

3.53 ±0.005

3.24 ± 0.18

3.88 ± 0.01

P2_SLD

0

1.73 ± 2.05

2.60 ± 1.08

P2_scale

1.95e-06 ± 3.78e-08

4.93e-06 ± 4.25e-08

4.03e-06 ± 3.47e-08
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Power

4.16 ± 0.004

3.98 ± 0.002

4.1 ± 0.002

PD1_r

0.16 ± 0.01

0.36 ± 0.52

0.36 ± 0.001

PD2_r

0.1 ± 0.001

0.36 ± 0.05

0.56 ± 0.001

Chi2/pts

2.75

5.15

9.09

The PD values for the 300°C dry seem to stay within 0.16 and 0.1 for the larger and smaller
sphere. However, just like the previous distributions it has a large radius of 48 Å with a low
p1_scale of 0.0003. The smaller radius of 3.53 Å keeps its P2_scale of 0.16 with a low PD= 0.1.
The small PD value and large P2_scale value implies that most of the pore size distribution is
within a radius of 3.53 Å.
PD range values of 0.05 to 0.16 were chosen as starting values for the 300°C 3.5 hour sample,
based on the best fit radius of the 300°C Dry. The ranges were then adjusted based on initial fits.
The PD values increased once again with the D2O loadings, giving PD values of 0.36. This
shows that the presence of adsorbed D2O has a significant effect on the pore size distribution of
the material. The best fits where for a large sphere value of 7.19 Å with PD=0.36 and a small
sphere radius of 3.24 Å with a PD= 0.36. However, in this case the PD value for the large sphere
had a large margin of error of 0.52. Also, the p1 and p2 scales increased with the decrease of the
pore radius. Although the radius of larger sphere had a large margin of error, it is attributed to the
large margin of error for the polydispersity. The SLD for both sphere again happened to have
large margin of errors, indicating the non-uniform filling and widely varying total density of D2O
in the pores.
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For 300°C 10-hour data the SLD for the larger sphere of 10.3 Å gave a smaller margin of error
than the previous 3.5-hour loading with an SLD of 1.3 and error of 0.36, with a PD value of 0.36.
The smaller radius had an increase from 3.24 Å to 3.88 Å that came with an increase in the PD
value from 0.36 to 0.56 with a consistent p2_scale of 0.15. The Schulz distribution gave better
fits than the Gaussian, but not better than the lognormal distribution.
The best fits from all three distributions was the lognormal distribution. The common trends are
that the large sphere tends to have a lot more polydispersity than the smaller sphere; both the
Lognormal and Schulz distribution PD values for the larger sphere were high, while the PD
values of the smaller spheres remained low. The bi-modal model itself gave considerable insight.
The bi-modal model showed the 300 dry material contains pores characterized by a large pore
size of 40 Å, which are less abundant than the smaller pores radius of radius ranging from 3.33 Å
to 3.66 Å. The case for this is most likely due to the high polydispersity for the sphere, since as
previously seen when the PD value for the larger sphere was increased the radius would decrease
significantly. However, since for the dry we set up the highest constraint with such a small PD
range we got a high value for the radius of the large sphere. In addition, the p1_scale for the
large sphere had a significant increase when the radius had a change from the 40’s Å to smaller
values in the 10’s Å signifying that indeed the larger radius in magnitudes smaller than the dry
appears to show and higher abundance. As for the smaller pore size it seemed to be constant for
all three distributions having a constant p2_scale value of about 0.16, with a constant low
polydispersity. Meaning that pore radius that is most abundant in the material is within 3 Å to 4
Å.
The D2O loadings seemed to glean a bit of insight into the effect of the filling of the pores, even
though the SLD gave a large margins of error for all distributions. There is a clear increase in the
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PD value, demonstrating that the D2O distorts the size of the pore spaces as seen by neutron
scattering, due to the almost matched SLD of D2O and carbon. Both PD and D2O values
increased simultaneously, signifying the effect of the D2O. Thus, the information gathered here
can be used to identify the manner in which D2O is filling the pore spaces, and which is
consistent with the observations.

4.4 PRINSAS Model
Due to the bi-modal giving us a great abundance of pore sizes of about 3 Å and a low
abundance of the larger pores size ranging from 9-40 Å, we used the program PRINSAS
(PRocessing and INterpretation of Small Angle Scattering) to determine more accurately the
pore size distribution of our materials especially for the larger radius. PRINSAS fits a
polydisperse sphere distribution to match SAS data.
The scattering intensity per unit volume for a sample with a volume fraction
monodisperse spheres with radius

of

is given by:
.

Here,

and

are the scattering length densities of the two phases, and

and

are the volume and form factor of a sphere of radius , respectively. The program
fits the

data using a general distribution of spherical pores represented as a histogram:

Where,
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is the contribution to I(Q) of the ith histogram cell with limits

and

. The porosity

can be calculated with the equation above. The pore size distribution (PSD) is composed of the
fitted

.
The specific surface area (SSA) is given by

where

is the average number of pores per unit volume,

,
, and

is the total

surface area of pores with radius larger than . Further information may be found in the software
reference.5
The Fit Histogram and SSA function of PRINSAS was used to obtain a more general distribution
of spheres, the scattering of which reproduces the I(Q) data of SANS. Before using the function,
specific values of Density of points of SANS data to be used in the fitting and SSA histogram
cell size were defined. The set Density of Points for Fits specifies the number of Q-values per
decade, taken from the Q, I(Q) data when fitting a fractal distribution or histogram. It can be
used to reduce the amount of computation which may be necessary if the numerical integration
does not converge. The set SSA histogram cell size (dLog(r)) allows setting the width (on a log
scale) of the histogram cells, used when fitting a histogram of pore sizes. It is entered as the
number of cells per decade. Several combinations of Density of points and SSA histogram cell
size were tested ranging from 10-30 and 50 respectively. Then the best configuration was
selected which produced the clearest distribution for the data. The configuration of 27 density
points and an SSA of 50 was used.
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Figure 14. PRINSAS CDC’s Fits
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Figure 14. PRINSAS CDC’s Residuals

Figure 16. PRINSAS Dry CDC’s pore size distribution
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The graph above shows the pore size distribution of the Dry CDC’s, where the 300°C CDC
shows that it has the greatest abundance of pores with a radius range of 3 to 4 Å. The 400°C
exhibits an increase of intensity of pores radius ranging from 3 Å to 4 Å, which is consistent with
the literature that higher temperatures produce a more porous material. The 600°C exhibits an
increase of the radius of the pores where the pore sizes increase to a range of 4 Å to 5 Å. Finally,
the 800 shows a decrease of the intensity of its peak, but with an increase in pore radius and
broadening of its peak ranging from 4.8 Å to 6 Å. These results show that TiC-CDC follows
trend from other reports that at higher temperatures the material becomes more porous with an
increase of the pore radius. Also, the PRINSAS Dry CDC has shown for the dry that there
doesn’t seem to exist pores that have a radius anywhere near 40’s Å. However, the pores with
larger radius do exhibit a less narrow distribution, which explains why the polydispersity in the
previous model would increase from the starting ranges given.
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Figure 17. PRINSAS CDC’s D2O loadings pore size distribution.

The pore size distribution for the 300°C data set show an increase of pore radius with the
increase of D2O loadings. The increase seems to have the largest change at the 10 hour mark,
where the increase is slight from the 300°C dry to the 3.5 hour with only one peak as opposed to
the two peaks at 10 hours. The change from the dry to the 3.5 hour is from a dry range of 3-4.6 Å
radius to a radius range increase to 4.6- 6 Å. As for the 10 hour D2O CDC loading showed the
most change with an increase of radius ranging from 5.5 Å to 7 Å and another peak showing up
having a larger radius ranging from 10 Å to 12 Å, contributing to the increase of the PD values
for the 10 hour loadings. According to the 300°C data set, D2O uptake results in larger pore size
distributions with pores of radius of about 4 Å, while enhancing the contrast of the larger pores
found at the 10-12 Å range.
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The 400°C CDC set seems to produce a narrower range where the 400°C Dry is composed
mainly of pores sizes ranging at 2.7-4 Å due to their narrower peaks. Then the 3.5 hour D2O
loadings shows a narrower peak for the pores ranging at 3-4 Å with a slight increase of larger
pores appearing at about 11 Å. The 10 hour data has an increase of larger pore radius showing up
at around 6 Å and a broadening of radius at about 12 Å. Once again, increased D2O uptake
appears to be highlighting larger pores that do not appear in the dry material.

The 600°C CDC set exhibits a constant increase of the pore radius without any extra peaks
appearing at the higher loadings. The radius for the dry have a range from 4 Å to 5 Å, that has a
radius increase and broadening range of its peak to a range of 4.5 Å to 6 Å. Then, the 10 hour
data exhibits a wider range of larger radius of 4.5-7 Å. In this data, the D2O results in
distributions with larger radius of some of the larger pores, but not all, since at higher water
loadings the peaks become less narrow.

The 800°C CDC data set seems to exhibit the broadest peaks for the dry and the 3.5 hour. The
pores for the dry have a radius range of 4.64 Å to 5.5 Å, which increase to a range of 5.0-6.5 Å at
3.5 hour, showing a wider range than the dry. The 10 hour exhibits a strange phenomenon where
a large radius appears only at the 10 hour at about 9-13 Å, while the first peak of radius range
5.0-6.5 Å are still present from the 3.5, but with a narrow distribution.

The PRINSAS data for all sets has shown that there are indeed no large radius pores that are
anywhere close 40 Å and most have smaller radius of about 4 Å, while having a few larger radii
depending on the D2O loadings. They all seem to exhibit an increase in their radius range with
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the addition of the D2O to the system, suggesting that the D2O influences pores that are about 4 Å
in radius. However, the D2O seems to have a strange effect on the material above 9-13 Å, which
only happens in the 10 hour D2O loadings. Much larger pores that where not seen in the lower
D2O loadings seem to appear. Some explanations may be that the D2O at such high loadings is
able to fill those pores enough to show their contrast. However, if that’s the case due to their
broad range and radius it may be that these pores are not at spherical in shape as its smaller
radius counterparts. With the PRINSAS results we can conclude that there are mostly only small
radius pores within 4 Å and a few larger, but about 10 Å. The larger radius has a wider range
suggesting they have a more polydisperse distribution.

4.5 Ellipsoidal Model
From the previous models we have discovered that pore radius is mostly below 10 Å with
an increasing polydispersity for the D2O loadings and a wider range of the larger pores. We will
have one of the PD values for one of the radius fixed to 0.5, since the radius range for the pores
tend to have a range of about 1 Å. However, due to the change of the intensity of the pore radius
from one D2O loading to the other and the larger pores appearing at the high end of the 10 Å
range for the 10 hour we decided to try the Ellipsoidal Model with Power Law (PE). The
ellipsoidal model is has two radii, the polar radius and equatorial radius, which will tell us if the
pores are increasing in size uniformly or not with the D2O loadings.
The output of the 2D scattering intensity function for oriented ellipsoids is given by
P(q,α) = (scale/V) F2(q,α) + background, where F(q,α) = ΔρV [3(sin qr – qrcosqr)/(qr)3]
for r = [Re2sin2α + Rp2 cos2 α]1/2 . In these equations, α is the angle between the axis of the
ellipsoid and q ⃗, V = (4/3) πRpRe2 is the volume of the ellipsoid, Rp is the polar radius along the

55

rotational axis of the ellipsoid, Re is the equatorial radius perpendicular to the rotational axis of
the ellipsoid and Δρ (contrast) is the scattering length density difference between the scatterer
and the solvent.

Figure 18. Polar and Equatorial radius v. D2O loadings for 300°C.
Table 9. Power Law + Ellipsoidal model (PE) 300°C CDC Parameters.

Parameter

300 °C Dry

300 °C 3.5 Hour

300 °C 10 Hour

background

.0592263

.04650222

.050661355

A_scale

5.02e-06 ± 4.69e-08 6.51e-06 ± 6.95e-08 5.18 ± 8.83e-08

Power Law

3.93 ± .002

3.9 ± .01

4.08 ± .003

B_scale

0.19 ± .004

0.19 (fixed)

0.19 (fixed)

sld

0

1.36 ± .001

2.78 ± .004

radius_polar

2.3 ± .202

9.33 ± .05

20.4 ± .13
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radius_equatorial 3.86 .12

3.49 ± .001

5.24 ± .008

Chi2/Npts

1.58

4.27

3.035

For the PE model we will be fixing the B scale for the D2O loadings to get a better picture about
the effects the D2O has on the carbon. The fits for the 300°C dry CDC produced the baseline for
the set giving numbers that correlate to the data provided by PRINSAS giving a pore with a polar
radius of 2.3 Å and equatorial of 3.86 Å, which is roughly about the same as the average 4 Å
radius in PRINSAS. The B_scale was of 0.19, which is similar to the 0.16 given for the smaller
radius spheres from the previous models and due to PRINSAS we now know are indeed the most
abundant in the samples. Thus, the 300°C Dry ellipsoidal model produced parameters that
corroborate all previous findings. Leading us to now being able to focus on the effects of the
D2O in the carbon. As seen in Figure 18, the polar radius had a constant increase with the
increase of the D2O, while the equatorial radius stayed mostly constant until a slight increase in
the 10 hour D2O loading. In addition, with the constant increase of SLD from 1.36 for the 3.5
hour to SLD of 2.78 for the 10 hour D2O loading show that the increase of D2O is correlated to
the increase of the polar radius of the pores.
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Figure 19. Polar and Equatorial radius v. D2O loadings for 400°C.

Table 10. Power Law + Ellipsoidal model (PE) 400°C CDC Parameters.
Parameter

400 °C Dry

400 °C 3.5 Hour

400 °C 10 Hour

background

.04009843

.03065655

.03626352

A_scale

1.52e-05 ± 1.23e-7

1.28e-05 ± 1.14e-07 1.02e-05 ± 1.07 e-07

Power Law

3.72 ± .002

3.82 ± .003

3.94 ± .003

B_scale

0.11 ± .001

0.11 (fixed)

0.11 (fixed)

sld

0

1.17 ± .04

1.92 ± .01

radius_polar

4.73 ± .08

12.12 ± .18

21.56 ± .24

3.3 ± .03

4.39 ± .01

.78

4.95

radius_equatorial 3.08 ± .04
Chi2/Npts

1.22
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The 400°C Dry CDC seem to have an overall pore size increase from the 300°C Dry CDC with a
steady increase in both radii. Also, the radius are both within the range of the PRINSAS data of
3-4 Å. The model is also able to capture the pore radius found in the 3.5 hour PRINSAS data
where there is a peak at about 11 Å corresponding to the 12.12 Å polar radius. The 400°C CDC
loadings exhibit an increase mostly in the polar radius with the increase of D2O loading as seen
in Figure 19, while the equatorial radius stays constant throughout with a slight increase of about
1 Å for the 10 hour just as in the previous case.

The 600°C CDC was difficult to fit due to the D2O loadings, where from the 3.5 hour to the 10
hour the SLD always seem to decrease significantly. However, it follows the same trend as the
previous CDC’s where the polar radius increases while the equatorial radius stays mostly
constant with the D2O loadings (Figure 20). The B_scale is within the range of the previous
CDC’s with a 0.1872 or about 0.19 value and even when the scale was increased or decreased
the SLD still had the same outcome. Any change in any of the parameters gave the same results
for the SLD going from the 3.5 hour to the 10 hour there always seemed to be a decrease in the
SLD.

59

Figure 20. Polar and Equatorial radius v. D2O loadings for 600°C.

Table 11. Power Law + Ellipsoidal model (PE) 600°C CDC Parameters .
Parameter

600 °C Dry

600 °C 3.5 Hour

600 °C 10 Hour

background

.0452815

.04144771

.04619173

A_scale

6.58e-06 ± 8.65e-08 6.49e-06 ± 8.68e-08 9.7e-06 ± 1.57e-07

Power Law

3.73 ± .004

3.74 ± .004

3.68± .004

B_scale

0.19 ± .002

0.19 (fixed)

.19 (fixed)

sld

0

.25 ± .01

0.02 ± .01

radius_polar

3.50 ± .05

5.14 ± .04

8.39 ± .03

radius_equatorial 3.87 ± .03

3.63 ± .01

3.50 ± .01

Chi2/Npts

1.49

1.41

1.55
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The 800°C CDC is described by an ellipsoid that is elongated towards one radius in this case the
polar radius. The polar radius is at least 3 times that of the equatorial starting with the dry and
becomes more elongated with the filling of the D2O. Higher synthesis temperatures correlate
with large more slit-like pores, which is in line the current observations. Addition of D2O results
in an ellipsoid shape with relatively constant equatorial radius, but a polar radius that increases
from 11.5 Å to 41 Å.

Figure 21. Polar and Equatorial radius v. D2O loadings for 600°C.

Table 12. Power Law + Ellipsoidal model (PE) 600°C CDC Parameters.
Parameter

800 °C Dry

800 °C 3.5 Hour

800 °C 10 Hour

background

.029743

.030135

.030997

A_scale

3.54e-05 ± 4.5e-07

3.22e-05 ± 5.99e-07 1.54e-05 ± 7.81e-07

Power Law

3.46 ± .003

3.47 ± .005

3.66 ± .01

B_scale

0.17 ± .002

0.17 (fixed)

0.17 (fixed)
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sld

0

1.18 ± .02

2.14 ± .005

radius_polar

11.48 ± .07

18.90 ± .16

41.01 ± 1.39

radius_equatorial 3.06 ± .02

3.68 ± .01

4.77 ± .01

Chi2/Npts

1.42

4.95

1.92

The ellipsoidal model has proven that the D2O has a strong effect on the radius of the pores. All
four CDC’s show a constant increase of their polar radius with the increase of D2O with the
600°C CDC 10 hour being the exception, where the SLD seems to decrease somehow, while the
polar radius increases. However, coupled with the information gathered from PRINSAS the
elongated polar radius with the increase of D2O could explain the peaks found above 4 Å. Where
from the PRINSAS data most of the pore radius are within a range of 2.3 to 5 Å and are constant
throughout all the D2O loadings. These pores are mostly attributed to the equatorial radius that
stays constant throughout the water loadings with a slight increase of no more than 1 Å mostly
happening at the 10 hour mark. As to where the polar radius doubling in size with each D2O
loading could be attributed to the peaks well above 4 Å.

4.6 RTIL/Water in Confinement
To understand the interaction of Room Temperature Ionic liquids with the porous material and
water, different ratios of RTIL with water where measured in the system. The concentrations
where as follows: 50% RTIL, 100% RTIL, 150% RTIL, 50% RTIL + water, 100% RTIL +
water.
For the different RTIL concentrations we used power law with the ellipsoidal model, but added
two Lorentz peaks (PELL) to understand the behavior of the RTIL at high Q range. The SAXS
intensity is described by a Lorentz peak: I(q)=scale(1+(q−q0/B)2) + background.
The peak has a height I0 centered at q0 and has a HWHM (half-width half-maximum) of B.
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Figure 22. CDC’s RTIL % vs. Bulk RTIL.
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Figure 23. Linear representation of the peak intensities of the Q~ 0.85 Å-1 peak (orange) and
Q~1.45 Å-1 peak (blue).
The RTIL peaks seem to become more prominent at high concentrations of RTIL as seen in
Figure 22and Figure 23. In Figure 23, the blue line represents the bulk RTIL, which has two
peaks, one at about Q~ 0.85 Å-1 and the other at about Q~1.45 Å-1. However, it appears that the
second peak at 1.45 Å-1 is the most prominent one in the CDC system as opposed to the 0.85 Å-1
peak in the bulk. As shown in Figure 23, the bulk RTIL’s peak at 0.85 Å-1 has a higher intensity
than at 1.45 Å-1. However, that is not the case for the RTIL in the CDC where the 1.45 Å-1 peak
has the higher intensity throughout all three concentrations of RTIL.
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Table 13. Distance between Ions in CDC 300°C obtained from Peak 1 and peak 2 peak positions.
Values calculated as D=2π/Q.
Parameter

50% (Å)

100% (Å)

150% (Å)

Bulk RTIL (200%) (Å)

0

7.75

7.40

7.14

4.21

4.33

4.41

4.51

D1 (co-ion separation)
D2 (cation-anion separation)

Table 14. Lorentz Peaks Parameters for RTIL and CDC RTIL%.
Parameter

300°C 100%

300°C 150%

RTIL

0.008 ± .001

0.007 ± 9.88e-05

.06 ± 5.8e-05

A_peak pos

0.81

± .003

0.84 ± .001

0.88

A_hwhm

0.085 ± .001

0.099 ± .003

0.13 ± .0002

D_scale

0.018 ± .001

0.018 ± .0001

0.06 ± .0001

B_pos

1.46

± .004

1.41 ± .001

1.39

± .0001

B_hwhm

0.26

± .01

0.206 ± .002

0.24

± .001

Chi2/Npts

2.71

2.75

7.3

C_scale

± 5.79e-05

In the RTIL curve the first peak at 0.85 Å-1 represents the interactions between anion and anion
or cation and cation, which is weaker compared to the second peak corresponding to the anion
and cation correlation distance. At 50% RTIL as shown in Table 13, there doesn’t seem to be any
interactions between co-ions (anions and anions, or cations and cations), only interactions
between cations and anions. Also, with the increase of RTIL the peaks shift, where the first
peaks shift to the right and the second peak shifts to the left. This is seen in Table 13, where the
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distances between anions and anions or cations and cations become shorter with the increase of
RTIL. The opposite effect happens for the cations and anions interactions where the distances
between them become larger at higher concentrations. The PELL model was able to model this
behavior as seen in Table 14, which has the parameters for the best fits for the Bulk RTIL and
the CDC with different RTIL concentrations, exhibiting the shifts of the both the peak positions.
Where the second peak is the most prominent throughout all concentrations due the stronger
interactions between cations and anions, which allows them to be able survive the ultraconfinements of the carbon material, while the co-ion interactions are not as visible, especially at
low concentrations of RTIL. At higher concentrations of RTIL these interactions become more
prominent due to the amount of RTIL that is now not going into the center of the pore of the
CDC and not just at the pore surface.

Figure 24. CDC water effects on RTIL.
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Another thing to note is the interesting phenomenon that seems to occur in the adsorption of the
RTIL into the CDC when H2O is present as opposed to when RTIL is introduced into the
material with methanol. As shown in Figure 24, the RTIL seems not go into the pores of the
CDC compared to when water is present. It appears that water’s properties influence the RTIL
enough to make it possible for the RTIL to be adsorbed into the pores of the CDC.
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5.0 Conclusion

Supercapacitors are ideal for applications where high power and low weight are essential.
Conventional batteries have slow rate-determining chemical reactions, which lack the ability to
supply quick power bursts. Batteries have limited lifetimes that require narrow temperature
windows for efficient operation. Because supercapacitors offer long-cycle life (100,000 cycles),
high efficiency (>90%), and fast charging/discharging, they are good alternatives for applications
such as personal electronic devices, back-up power storage, peak power sources for hybrid
electric, electric and traditional vehicles, among others [67-71].
Various carbon materials have been used as electrodes in electro chemical double-layer
capacitors such as activated carbons, carbon nanotubes and carbon fiber composites. However,
the main downside of high surface area activated carbons used in supercapacitors is their wide
pore-size distribution. A large fraction of their pores are too small to allow the electrolyte ions to
freely diffuse in and out of the pores leaving only a fraction of the surface area available to form
a double layer. Small pores increase the electrode resistance and larger pores in activated carbons
are not so efficient for energy storage. Ideally the electrode material should have a narrow poresize distribution with an average pore size designed specifically for the electrolyte used.
Carbide Derived Carbons (CDC) synthesized by halogenation of carbides are a great electrode
candidate material for electrical chemical double layer capacitors. These materials have a high
specific surface area and a controlled pore size distribution. By choosing an appropriate
precursor, synthesis conditions, and by using various post-treatments (e.g., activation), one can
design CDCs with pore size tuned for the most efficient electrode performance.
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CDCs, however, adsorb moisture from the atmosphere in just a few minutes, and too much water
is known to have negative effects on the effectiveness of supercapacitors. These properties make
it essential to understand the structure of CDC and its interactions with water and electrolyte
fluids.
Small angle neutron and x-ray scattering (SANS/SAXS) was used to study the interactions of
CDC with water and room temperature ionic liquids (RTIL). D2O vapor sorption combined with
SANS was used to understand how water sorption occurs in CDC. The degree to which pores are
filled with water (D2O) at intermediate stages of loading for four TiC-CDC powders, each with
different pore size distributions was measured. The measurements of water sorption at
intermediate stages between completely empty and full highlight important features of the
hierarchical structure of CDC and of how water adsorbs into this complex material.
Models where used to reproduce the SANS data and extract information on the structure of the
CDC sub-nanometer pores and meso-pores along with the organization of adsorbed water within
the porous network. The first model used was the Raspberry structural model that simulated the
porous structure to be that of a Pickering emulsion consisting of large spheres being covered
within its surface by smaller spheres. The parameters for the surface fraction, penetration depth
and the radius/volume fraction for large and small spheres gave insight into the pore size
distribution within the material. The low surface fraction and low penetration depicted a very
different structure than that of a raspberry. The low surface fraction results indicated that only
about 1% of the small spheres cover the surface of the larger spheres. The low penetration
values, which describe the distance between the larger and smaller spheres, indicate that the
larger and smaller sphere are not as interconnected such in the case of a raspberry structure. All
models show that volume fraction of large porosity is very low, on the order of 1% of the total
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pore volume. However, the smaller radius spheres of about 4 Å had volume fractions about equal
to the nitrogen adsorption experiments that gave the volume fractions of the porosity of CDC’s.
Signaling that the great majority of the pore size distribution is within a radius of 4 Å and the
larger spheres above 40 Å are not accurate, but means that the size radius distribution of the
pores have some polydispersity. The D2O loading SANS data was not reproducible with the
raspberry model, giving negative values for the SLD. Also, the SANS data at 16 hours water
exposure was not able to give constant results for most of the parameters due primarily to the
SLD of a completely full CDC with D2O being 6.3e-6/Å2, which is close in value to the CDC
SLD of 6.67e-6/Å2, making it difficult for the model to distinguish between D2O and carbon and
rendering most of the pores effectively invisible to neutrons.
The second model to reproduce the SANS data was the Bi-modal Sphere model used to obtain a
more accurate depiction of the pore size radius polydispersity and replicate the D2O loadings.
Three different polydispersity (PD) distributions where used: Gaussian, Lognormal and Schulz
distribution. The Lognormal distribution gave the best representation of the SANS data giving
high PD values mostly for spheres of radius larger than 5 Å. A few large spheres in the material
seem to have a large radius size distribution as opposed to that of the smaller spheres. The Bimodal sphere model reproduced the D2O loading data, even though it gave SLD margins of error
equal to the value itself. At increased D2O samples, the SLD increased, but so did the radius of
the larger spheres in the material. The large SLD margins of error and increase of radius
attributed to cutoff of the limit set for the PD values of 0.35, means that the polydispersity is
much larger than 0.35.
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In order to have a more precise understanding on the pore radius distribution for the CDC and
better account for the PD values especially for the larger radii spheres, PRINSAS (PRocessing
and INterpretation of Small Angle Scattering) was used. This software allows processing and
interpretation of the data to obtain a more general distribution of spheres, and the model
reproduces the scattering I(Q) data of SANS. The Fit histogram and SSA function of PRINSAS
where used along with the configuration of 27 density points and an SSA of 50. The results for
all four Dry CDC’s gave single peaks that had ranges of 3-4.6 Å, 2.7-4 Å, 4-5Å, and 4.6- 6 Å
respectively for 300°C, 400°C, 600°C and 800°C with an average of 4.24 Å. The higher
temperature synthesized samples produced larger pore radius than the lower temperature
samples. The D2O loadings showed shifts to the right of their initial peak range increasing for all
Dry CDC with the increase of D2O. However, mostly at 10 hours D2O loadings additional peaks
above 8 Å appeared ranging from 8-14 Å. This additional peak could mean that the shape of the
pores is not as spherical as thought. The second peak could be attributed to the D2O giving better
contrast to the shape of the pore. The scattering can be described by an ellipsoid shape where one
radius may be larger than the other. This is true especially for higher temperature CDCs, where
the pores become larger and elongated.
The ellipsoidal model was used to reproduce not only the SANS data, but simulate the PRINSAS
data. There is an abundance of pore radius of about 4 Å and larger radius with the increase of
D2O loadings. A PD value of 0.5 was given for the radius distribution, since the ranges where
within 1 Å from the PRINSAS data and the Bi-modal sphere model. The Ellipsoidal model
showed consistency with the Dry CDC’s with an ellipsoid simulating the radius for the PRINAS
data and similar in size to the smaller sphere in the Bi-Modal Model. The equatorial radius for
the ellipsoid stayed constant throughout the D2O loadings with only a significant increase of 2 Å
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at the 10 hour loadings, being within the range simulated for the wet in PRINSAS. However, the
polar radius had the most significant increase with the introduction of the D2O giving values
above 8 Å. The ellipsoidal model best reproduced the SANS data including the D2O loadings
with minimal margins of error including for the SLD. The results showed mostly a steady
increase of SLD along with the D2O loadings and the increase of the polar radius. Thus, the CDC
is mainly composed of pores with radius of about 4 Å and with an ellipsoidal shape, while being
affected greatly with the increase presence of water.
Small angle x-ray scattering (SAXS) experiments where conducted to study the interactions of
room temperature ionic liquids(RTIL) within the 300°C CDC material with different
concentration of RTIL. The concentrations of RTIL ranged from 50%, 100% and 150%, and
where modeled by two Lorentz peaks to determine the effects ultra-confinement has on RTILs.
Where the bulk RTIL consists of two peaks at positions 0.85 Å-1 and 1.45 Å-1, which represent
the anion to anion or cation to cations interactions, and the cations to anions interactions
respectively. The Lorentz peaks showed an increase in the peak positions with a decrease in the
distances for the first peak signifying that at 50% anion to anions or cation to cations interactions
do not form until at higher concentrations of RTIL. The opposite was true for the second peak at
1.45 Å-1, which was present at 50% RTIL showing that cation to anions interactions are strong
enough to survive the ultra-confinements of the CDC porosity. SAXS experiments with water
with each concentration of RTIL were also conducted to understand the interaction water may
have with the RTIL. The data for the different concentration of RTIL with water showed that at a
certain water to RTIL ratio more RTIL can be introduced into more pores than the RTIL
introduced using methanol. Thus, showing that water has a positive effect that allows the RTIL
to enter most of the available porosity of the material.
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